For the decrease of CO 2 emission from ironmaking field, it is important to clarify the behaviors of hydrogen in blast furnace (BF). However, when hydrogen content increased in BF, many reactions related to hydrogen occurred, and many complicated relationships among the reactions are generated. Especially, the behavior of water gas shift reaction (WGSR) is not understood correctly and the effects on the gasification reaction and the reduction reaction are not known at all.
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(Received on July 2, 2018 ; accepted on September 27, 2018) For the decrease of CO 2 emission from ironmaking field, it is important to clarify the behaviors of hydrogen in blast furnace (BF). However, when hydrogen content increased in BF, many reactions related to hydrogen occurred, and many complicated relationships among the reactions are generated. Especially, the behavior of water gas shift reaction (WGSR) is not understood correctly and the effects on the gasification reaction and the reduction reaction are not known at all.
In the present study, the interest was focused on the relationship between WGSR and coke gasification reaction. The WGSR was examined experimentally and kinetic analysis was performed with and without gasification reaction. The quantification of reaction rates was carried out by gas analysis method. Several kind of crucibles were developed for determining the respective reaction rates occurring in different position.
The rate equation of invers WGSR was decided as where the rate constant in the alumina crucible was obtained as k cm bed s mol RT sh i
Introduction
The authors have investigated the reduction behaviors of iron ores (Pellet and Sinter) using heating-up condition. 1, 2) In these experiments, a basic sinter was used, which was grinded into a sphere as same as the pellet. The sinter was put between two coke layers in order to simulate the conditions in the blast furnace (BF). Since the crucible was made of graphite, the effect of gasification reaction of graphite could not be ignored in the high temperature region.
Recently, a utilization of hydrogen or hydrogen bearing substance (CH 4 ) in the BF was increasing in order to decrease the CO 2 emission. When the hydrogen was introduced into BF process, the kind of reactions extremely increases in addition to CO reduction (Eq. (1)) and Boudouard reaction ( = coke gasification reaction or coke solution loss reaction) (Eq. (3)). In addition to hydrogen reduction (Eq. (2)), water gas reactions (Eqs. (4) and (5)) play an important role. Furthermore, the behavior of water gas shift reaction (WGSR, Eq. (6)) is not yet understanding clearly, because WGSR proceeds both side and depends on the condition of reaction gases and the nature of solid surface (kind of catalysis). Consequently, the following reactions must be taken into account for the analysis of the reaction system, when hydrogen was introduced.
In Eqs. (1) and (2) The same relationship can be applied to the water gas reactions (Eqs. (4) and (5)) and WGSR (Eq. (6)), and those reactions compose a Boudouard reaction (Eq. (3)), apparently.
From these consideration, the behavior of WGSR is important for understanding the system containing H 2 gas.
However, the WGSR actually proceeds opposite direction, which is called as the inverse water gas shift reaction (i-WGSR, Eq. (6')) in the present experimental condition.
Inverse For the sake of convenience, i-WGSR is described as WGSR in later section. Kashiwaya 1, 3) has shown the benefit of reduction by pure hydrogen, in which the rate of reduction is faster than that of CO reduction and the clean iron can be obtained. Before usage of pure hydrogen, we should understand the reactions in CO-CO 2 -H 2 -H 2 O system. In this study, (a) the reaction kinetics of WGSR occurring in an alumina crucible was clarified, then, (b) the gasification reaction was analyzed and separated into three kinds of reactions (Eqs. (3), (4) and (5)), finally, (c) the behavior of WGSR in the presence of gasification reactions was analyzed and the characteristics of reaction behavior was elucidated.
Experimental
Experiments were carried out using Softening-SmeltingDripping Reduction (SSDR) system (Fig. 1) under heating up condition (10 K/min). The detail of experiment has been reported in the previous papers.
1,2,4,5) Total flowrate of reaction gas is 2 000 cm 3 (STP)/min and the linear velocity is about 11 cm/s. The base composition of reaction gas is Ar-30 vol%CO. When H 2 and/or CO 2 are/is added, the content of reaction gas is fixed to 30 vol%. When CO 2 is added to the reaction gas, the ratios of CO/CO 2 were fixed to 9/1 and 8/2. Then, the gas compositions were Ar-27.0 vol%CO-3.0 vol%CO 2 for 9/1 and Ar-24.0 vol%CO-6.0 vol%CO 2 for 8/2 ( Table 1) . When hydrogen is added to the reaction gas, the content of hydrogen was basically 3.5 vol% and the rest of reaction gas (26.5 vol%) was adjusted to 9/1 or 8/2 in the ratio of CO/CO 2 . However in this experiment, in order to carried out the kinetic analysis of WGSR, hydrogen content in reaction gas increased to 7.0 vol% and the rest of reaction gas (23 vol%) was adjusted to 9/1 and 8/2 in CO/CO 2 ratio, as shown in Table 1 . The chemical composi- tions of sinter and coke used are summarized in Table 2 .
Crucibles Served for Experiments
In this study, the fixed bed analysis was performed, in which the change of gas composition and reaction degree of iron ore and coke gasification in the bed were taken into account.
At first, the rate of WGSR (i-WGSR) was obtained using alumina crucible in which neither of gasification reactions (BR, WGRI and WGRII) nor reduction reactions (Red-CO and Red-H 2 ) occurred. Second, the gasification reaction (BR) without WGSR was analyzed in the fixed bed system. Finally, the behavior of WGSR occurring with coke gasification was analyzed under hydrogen addition. The analysis of reduction reaction will be presented in the following paper.
In this paper, the relationship between WGSR and coke gasification reaction is focused on. Although the reduction reaction is not covered in this paper, overall image of reactions occurring in the present system is shown as Fig. 2 .
In the series of this study, the reaction behaviors of burdens (iron ore and coke) in BF were investigated and the process variables were simulated using SSDR. 1, 2, 4, 5) In this experiment, a graphite crucible was used as mentioned above. The bed of iron ore consisting of six spheres was sandwiched between the upper and lower coke beds. The reaction regions in the crucible were classified into three zones and were named as Zone 1, Zone 2 and Zone 3 as shown in Fig. 2 .
The inlet gas (reaction gas) reacts with coke and graphite crucible in the lower part (Zone 1) before the reduction reaction occurs, when CO 2 gas was contained. When hydrogen is contained, reactions (Eqs. (3), (4), (5) and (6)) will occur and the gas composition will be changed before reduction reactions occur.
In Zone 2, the reduction reactions (Eqs. (1) and (2): Red-CO and Red-H 2 ) mainly occur in the bed of iron ore. In addition, gasification reactions (Eqs. (3), (4) and (5)) at the inner surface of graphite crucible occur. The WGSR (Eq. (6)) occurs simultaneously both with reduction reactions and gasification reactions. Finally, in Zone 3, gasification reactions and WGSR occur.
Final destination is to clarify the reaction behaviors in a mixed bed of iron ore and coke in CO-CO 2 -H 2 -H 2 O system ( Fig. 3(a) ). In order to clarify the reactions in Zone 1, crucible was modified as shown in Fig. 3(b) . Only the lower coke bed was remained, and the inner surface of graphite crucible was prevented from the gasification reaction by inserting the alumina tube to Zone 2 and Zone 3. The gasification reactions in Zones 1 + 2 + 3 were clarified using Fig. 3(c) , in which the gasification reaction at the surface of graphite crucible in Zone 2 and the gasification reactions of upper coke and the surface of graphite crucible in Zone 3 were clarified in addition to Zone 1.
As a result, the gasification in Zone 1 and Zones 2 + 3 were able to estimate separately. Since the WGSR without gasification reactions and reduction reactions must be clarified, reaction bed made of alumina with the same structure as Fig. 3(a) was constructed as shown in Fig. 4 . In this case, it is considered that the reaction surface and gas flow will strongly affect on WGSR, the structure was arranged as same as possible.
Method of Analysis
The above mentioned reactions from Eq. (1) to Eq. (6) were considered for analysis. In the present study, especially, gasification reactions for coke and graphite (Eqs. (3-a), (3'-a), (4-a), (4'-a), (5-a) and (5'-a)) were separately assessed as shown in Fig. 2 . The details of equation of gasification were described in the later section. The subscripts 'CO' and 'H2' mean the CO and H 2 reductions, respectively. 'BC' and 'BG' mean the Boudouard reaction corresponding to coke and graphite, respectively. Total Boudouard reaction R B consist of R BC and R BG (Eq. (7)). Similarly, total Water gas reaction I, R W consist of R WC and R WG (Eq. (8)), and Water gas reaction II, R W2 consist of R W2C and R W2G (Eq. (9)). On the other hand, Water gas sift reaction (WGSR) is considered as an inverse WGSR which is expressed as R sh-i .
Fixed bed analysis was performed considering a change of gas composition in a bed, where O] x are the flow rates of respective gases in cm 3 (STP)/ min, where the subscript means the step at n or n + 1, while 'in' and 'out' mean the inlet and outlet of crucible, respectively (Fig. 5) .
In a differential section, mass balances in gas phase, and oxygen and carbon balances in solid phase are expressed as follows:
Mass balance in gas phases; 3 (STP)/min, where the subscript 'in' means the inlet gas and 'out' means the outlet gas, although the reduction reaction is zero (RDR = 0) in this report.
Gasification rate; RCS g C min The calculated reaction rates are as follows; has been performed by many researchers. Especially, in the production of synthesis gas, WGSR is important reaction. Many kinds of catalyst were developed and reported on the rate of WGSR. 6) In addition, several reviews 7, 8) were reported on the WGSR. However, the WGSR in BF, when the hydrogen content increased, is quite different from the production of synthesis gas. In the case of BF, carbon and oxygen in solid phase move to gas phase thorough gasification reaction and reduction reaction, which means that the mass balances of carbon and oxygen always changes in gas phase. The changes on the mass balance must be taken into account on the kinetic analysis.
Unfortunately, there is little study on the WGSR considering the both circumstances of reduction reaction and gasification reaction. A. Kemppainen, et al. 9) reported the behavior of WGSR in the packed bed of Olivine pellet. T. Murayama, et al. 10) 
/
− is quite large in lower temperature region and become small with increasing temperature.
In the present study, the terms except driving force (
) were compared in Fig. 7 . The activation energy for Ishigaki, et al. was lowest and about 32 kJ. On the other hand, the activation energy for Murayama, et al. is about 52 kJ, where reduction degree of iron oxide (F) was assumed as unity. When it was assumed that the F changed from 500 K (F = 0.01) to 1 500 K (F = 1.0), the temperature dependence was increased and was not linear to temperature as shown by short broken line in Fig. 7 . The activation energy for Grabke, et al. was highest and about 124 kJ. The activation energy for the present study was about 117 kJ, which was close value to Grabke.
Rate Equation of Gasification Reaction
Y. Kashiwaya, et al. 15) have presented the LangmuirHinshelwood (L-H) type rate equation for the gasification reaction of coke, in which the crystallinity of graphite structure in coke was taking into account for the rate equation. The equations are expressed separately for the graphite structure and the amorphous structure. Eqs. (39) The mass fraction of crystallized carbon and amorphous carbon are expressed as N c and N a , respectively, and the initial mass of fixed carbon is W g . The total rate of gasification R W is expressed by Eq. (50) in moles per second per bed, where N B means the number of bed divided.
.
.. (50)
According to elevated temperature, Kashiwaya has assumed that the amorphous carbon decreased, and crystallized carbon increased 15) and there is no amorphous carbon remained over 1 673 K (1 400°C). In the case of graphite crucible, it was assumed that there is no amorphous carbon (Nc = 1, Na = 0) from room temperature. Although the actual weight of graphite crucible was more than 100 g, the effective weight for calculation was decided by try and error. Wg for graphite crucible was assumed to be 8 g for Zone 1 and 17 g for Zone 1 + 2 + 3 (Table 1) , because the reaction of graphite crucible occurs only at the inner surface. The Eqs. (39) and (40) are divided into the respective rate equations for Boudouard reaction, Water gas reaction I and II, respectively.
Boudouard reaction for crystalline carbon and amorphous carbon: Water gas reaction I for crystalline carbon and amorphous carbon: ... (57) Water gas reaction II for crystalline carbon and amorphous carbon: 
... (62)
And the respective gasification reactions are estimated as follows:
. ,
... (65)

Results and Discussions 4.1. Calculation Results of Water Gas Shift Reaction (WGSR)
The result of gas composition change, which obtained by WGSR, is shown in Fig. 8 . As mentioned above, the crucible used is shown in Fig. 4 and the reaction gas condition is shown in Table 1 .
The gas composition in outlet gas, which is shown as P CO2 P H2 , decreased from the initial level with the increasing temperature, which means that the rate of WGSR is increasing with the increasing temperature. Around 1 573 K (1 300°C), the value of P CO2 P H2 is almost the same as the equilibrium value P P CO e H e 2 2 . In addition, it was found that the WGSR start to occur from 1 073 K (800°C) in the present experimental condition. Figure 9 shows the change of partial pressures of respect gases (H 2 , H 2 O, CO and CO 2 ) in experiment and the calculated partial pressures. The detail of calculation method of partial pressures was shown in APPENDIX A2. According to the inverse WGSR shown by Eq. (6'), the reaction gases, CO 2 and H 2 decreased from initial gas level, and the product Also, the calculated gas ratio of inverse WGSR is expressed as Eq. (67). The experimental gas ratio of inverse WGSR is expressed as Eq. (68). Figure 11 shows the calculated results of WGSR in the fixed bed. Total rate of WGSR increases exponentially with the increasing temperature until 1 373 K (1 100°C), and then the increasing rate decreases after 1 373 K. In this case, the bed was divided into 80. The rate of WGSR at 1st bed is exponentially increased with increasing temperature, because the reaction gas is always fresh (the same as the initial composition). According to go upper bed, the composition of input gas to the divided bed is changing and close to an equilibrium. Finally, the rate of WGSR at the last bed is very low as shown in Fig. 11 . From these results, it was found that the distribution of WGSR in the total beds is largely changed and the gas composition in the upper bed is almost close to the equilibrium.
Calculation Results of Gasification Reaction
Gasification Reaction without WGSR (Ar-CO-CO 2
System) Figure 12 shows the calculation results of gasification reaction in Zone 1 and Zone 1 + 2 + 3 under different gas composition (CO/CO 2 = 9/1 and 8/2).
In the case of Zone 1, the calculation results for 9/1 and 8/2 are in good agreement with the observations. In the higher temperature range, the calculation results could not be fitted completely with the observation, because the structure of coke bed might change from the increasing gasification degree, which were considered about 32% for 9/1 and about 50% for 8/2. In addition, since the crucible used was Fig. 3(c) , the alumina balls instead of pellets were relatively easy to move during experiment. The movement of alumina balls will affect on the gas stream strongly, so that the result of gasification might scatter among different experiment. Furthermore, the existence of ash layer formed on the surface of coke will generally inhibit the rate of gasification, however, the ash layer is easy to fall away by some small vibration such as the movement of alumina balls.
In the case of Zone 1 + 2 + 3, the calculation results were relatively difficult to fit the observations. The cause might be in the experimental results at Zone 2, because the reaction surface in Zone 2 is only inner surface of graphite crucible and is strongly affected by the actual gas flow which is controlled by the structure of bed, significantly. However, in spite of these difficulties, the calculation results are in good agreement the observation approximately.
As a result, it was concluded that the total gasification reaction can be calculated within an experimental error.
Gasification Reaction with WGSR in Ar-CO-CO 2 -
H 2 System Figure 13 shows the comparison of the experimental results and the calculation results of gasification rates (K B , K W1 and K W2 .) together with WGSR for zone 1 and zone 1 + 2 + 3. Total gasification rate is expressed as RCS cal and the observation is expressed as RCS obs . The RCS cal is in good agreement with RCS obs both in Zone 1 and Zone 1 + 2 + 3.
Although the difference between RCSobs and RCScal in Zone 1 + 2 + 3 increased in the higher temperature rage over 1 473 K, the causes will be resulted from the change of gas stream in high temperature as mentioned above.
In this study, the quantification of reaction rate was performed by gas analysis method as mentioned above. The RCScal can be separated into three kinds of gasification reactions, K B , K W1 and K W2 . The gas analysis method for the quantification of the reaction rate has a significant merit on the analysis of reaction system containing hydrogen.
In Table 3 and Fig. 14 , the values of gasification rates for Zone 1 and Zone 1 + 2 + 3 are shown at the different temperature (1 273 K, 1 473 K and 1 673 K).
Water gas reaction II (K W2 ) is lowest in comparison with Boudouard reaction (K B ) and water gas reaction I (K W1 ). The amount of K W2 decreases with the increase of temperature both in Zone 1 and Zone 1 + 2 + 3.
When the values of K W2 in Zone 1 and Zone 1 + 2 + 3 are compared, the difference is not so large in spite of the large difference of volume, which means that the gas composition change in Zone 1 is significant and the inlet gas composition to the upper zone (Zones 2 and 3) has a little difference with the equilibrium composition.
The rate of Boudouard reaction (K B ) is largest in comparison with the other reactions (K W1 and K W2 ). K B was changed by temperature so as to 48%→50%→55% in Zone 1 + 2 + 3 and 53%→46%→46% in Zone 1.
On the other hand, Water gas reaction I (K W1 ) increased with temperature and is 29%→35→38% in zone 1 + 2 + 3 and is 24%→40%→45% in Zone 1. From these results, it is considered that the variation of gasification rates (K B , K W1 and K W2 ) is complicated and is changed with the tempera- ture and the locations occurring. Figure 15 shows the ratio of WGSR to gasification reaction (r H2O /RCS cal ) and respective rates of WGSR and gasification reactions for Zone 1 and Zone 1 + 2 + 3. Both terms in the ratio, r H2O /RCS cal are in the unit of mmol/min. The extent of the ratio means the tendency of the gas composition change through WGSR and gasification reaction.
Effect of WGSR on Gasification Reaction
The r H2O of WGSR means the formation of H 2 O and CO gases, and the vanishing of CO 2 and H 2 gases.
On the other hand, since RCScal includes three kinds of reaction (K B , K W1 and K W2 ), it is quite difficult to understand the behaviors. However, in the present study, it was succeeded to estimate three kinds of reaction (K B , K W1 and K W2 ) separately. As shown in Fig. 14 and Table 3 , the proportion of water gas reactions I and II (K W1 and K W2 ), which are corresponding to the consumption of H 2 O, is about 50% for the total gasification reaction. The ratio, r H2O /RCS cal is very high ( > 5) in low temperature range below 1 423 K for Zone 1 and 1 323 K for Zone 1 + 2 + 3, which means the formation of H 2 O through WGSR is significant comparing to the consumption of H 2 O by Water gas reactions I (K W1 ) and II (K W2 ). Since the proportion of K W1 and K W2 is about 50% to total gasification reactions, the value of ratio, r H2O / RCS cal means about twice in terms of the consumption of H 2 O. In high temperature region over 1 473 K, the ratios, r H2O /RCS cal become almost constant and is about less than 4 for Zone 1 and about 3 for Zone 1 + 2 + 3, which means that WGSR and gasification reaction are balanced in some magnitude in high temperature range more than 1 473 K.
The value of r H2O over 1 573 K for Zone 1, which is expressed in broken line in Fig. 15 , was higher than that of Zone 1 + 2 + 3. Since it is strange result, the exprerimental conditions were checked again and the heating-up rates in both experiments between Zone 1 and Zone 1 + 2 + 3 were compared. Then, the heating-up rate over 1 573 K for Zone 1 was 12 K/min which was higher than the desired condition (10 K/min). It is considered that although the rate of WGSR, r H2O , was higher, the ratio r H2O /RCScal, is not changed and moved smoosely with temperature. The r H2O and RCScal are reasonably changed with temperature. Figure 16 shows the comparison of the variation of partial pressure of gases between calculation and observation in which WGSR and gasification reactions occur together. The calculation results are in excellent agreement with the observation. It is important to note that not only the apparent gasification rate but also the gas composition change should be fit in the kinetic analysis for the reaction system in CO-CO 2 -H 2 -H 2 O. According to the elevated temperature, CO 2 and H 2 in the inlet gas decreased and CO and H 2 O increased from initial level apparently. It is quite interesting to note the variation of H 2 O. The partial pressure of H 2 O gradually increased from low temperature and showed maximum at around 1 373 K, then, decreased and became almost zero over 1 573 K. This behavior of H 2 O was strongly connected with the variation of ratio, r H2O /RCS cal as shown in Fig. 15 . In the low temperature region below 1 373 K, WGSR is dominant, and in high temperature region, the gasification reaction become dominant, and H 2 O formed by WGSR will be consumed significantly as temperature increases. stant K sh i e − . When these gas ratios were compared with the one of single WGSR (Fig. 10) , it was found that the behavior of K cal i g − and K exp i g − is clearly affected by gasification reaction in high temperature region over 1 373 K. The rate of Water gas reaction I increases with the increasing temperature exponentially, in which the existing H 2 O is consumed significantly.
Figures 18(a) and 18(b) show the rate of WGSR at 1st bed, last bed and total beds in Zone 1 and Zone 1 + 2 + 3, respectively. The rate of WGSR at 1st bed is highest and the one at last bed is lowest, because the inlet gas composition of each bed is approaching to the equilibrium according to go the upper bed. Furthermore, in high temperature range over 1 573 K, the rate of WGSR become almost zero, which means the both of CO 2 and H 2 O will be almost consumed by gasification reaction around last bed in Zone 1 + 2 + 3.
The difference between Zone 1 and Zone 1 + 2 + 3 is not so large as shown in Fig. 15 (solid line and broken line) . Since the volume of reaction is larger in Zone 1 + 2 + 3, WGSR around last bed become almost zero in higher temperature, and the total rate of WGSR become flat as shown in Fig. 18 . Figure 19 shows the comparison of WGSR occurring with gasification reaction in Zone 1, Zone 1 + 2 + 3 and single reaction system ((a) the amount of WGSR, (b) the rate of WGSR). As mentioned above, the reaction volume of Zone 1 + 2 + 3 is about 4 times larger than that of Zone 1. While the reaction volume of single WGSR is the same as Zone 1 + 2 + 3. When the rate of WGSR in Zone 1 + 2 + 3 is compared with single WGSR system, the amount of WGSR together with gasification reaction is about 1.5 times larger than that of single WGSR. And the single WGSR is almost the same with the rate of WGSR in Zone 1 in spite of large difference of reaction volume.
